WHEN one considers the various fields where thermionic valves have been adopted for the control of electric curreats on account of their wide range of applicability, it is somewhat surprising that they have not yet made their appearance in electrotherapy except in rectifying and oscillating circuits.
It is interesting to study those properties of valves, which might be exploited, and the advantages which might accrue from their utilization in controlling or modifying the flow of current in direct current circuits. The simplest type of valve is the diode. It consists of two electrodes enclosed in an evacuated space. One of these is heated electrically and is referred to as the cathode. It acts as an emitter of electrons. The other, or anode, is merely a plate or a cylinder in its vicinity. When a diode is connected up to a source of direct current (see fig. 1 ) in such a way that the cold electrode, or anode, is positive in relation to the cathode, a current will flow. Its magnitude will depend on a number of factors, such as the distance between the electrodes and their dimensions. As in other circuits, the current is a function of the E.M.F., but in this case, this relation only holds good within certain limits, for the number of electrons available for the transmission of the current across the gap between cathode and anode is determined by the temperature of the cathode itself. Once all the electrons emitted are being used, further increase in the E.M.F. produces no change in the current and the valve is said to be saturated. This is well illustrated by the curves shown in fig. 2 . The ten curves represent the current values for ten different temperature-states of the cathode. It will be noted that in this particular case as long as the potential difference across the valve is in excess of 50 volts, the current in the circuit is entirely controlled by the temperature of the cathode. In other words, variations of impedance in other components of the circuit will not affect the current value as long as the voltage across the valve does not drop below 50 volts.
The fact that the temperature of the cathode is easy to control by regulating the current heating this electrode, makes such a valve a very effective current regulator. Unfortunately temperature lag in the cathode makes instantaneous adjustment impossible.
When galvanic currents are employed for electrotherapeutic purposes, they are as a rule controlled by means of potentiometers, cell collectors, or resistances, and in such cases the value of the current is greatly influenced by the impedance of the patient, which is all but constant. The changes of resistance in the superficial layers of the skin are so great that they can be measured by means of an ordinary milliampere meter; nor are these of any importance in the application of unmodified galvanism. They do, however, become a source of error when testing muscles and nerves. For every time the active electrode is moved, the value of the current varies, rising at each closure of the circuit until the resistance of the patch of skin immediately under the electrode has broken down and become constant.
This can, of course, be minimized by adequate soaking of the skin, and by having resistances in the circuit of such magnitude as to render these variations of resistance in SEPT. PHYS. MED. 1 the skin negligible. Unfortunately this coarse variation is not the only one to be contended with. One which is undetectable bv ordinary methods causes the current to drop very rapidly almost as soon as it is made. It does not result from a change in resistance but from the production of a back E.M.F. developed by the banking up of ions on either MA. 10l !:, side of polarizable membranes. An oscillographic study of the current obtained when an interrupted E.M.F. is impressed across a patient shows how the current reaches a high instantaneous value at make, but rapidly drops to a lower one when the back E.M.F. is established ( fig. 3 ). X 716 I It must therefore be remembered when muscle testing with apparatus in which the galvanic current is controlled by means of a potentiometer that the response obtained may have been produced either by the-high peak of short duration or by the more prolonged current of lower intensity, according to the excitability characteristics of the tissues under test.
In this connexion it is interesting to note that a condenser, which when discharged through a simple resistance gives rise to a true exponential current curve, when discharged through tissues gives rise to a kinked exponential curve owing to the effect just described. The discharge is rapid until the back E.M.F. is developed and is then slowed down ( fig. 4 ). When no precautions are being taken to exclude polarization phenomena at the level of the electrodes, further distortion occurs. From these considerations it is clear that where a modicum of accuracy is aimed at in the measuring of threshold currents, a method whereby these fluctuations of the flow can be minimized must be employed. This can be achieved by utilizing a saturated diode instead of a potentiometer to limit the current. Two alternative circuits can be employed ( fig. 5a and b) .
With a supply of 300 to 350 volts, the diode valve will be saturated under practically all conditions and the current in the circuit will be determined almost entirelv by the temperature of the filament. No variations of resistance, back E.M.F. in the tissues or at the electrodes will materially affect it. For this reason it is possible to make the current through the patient intermittent by shunting the patients' terminals with a short-circuiting device ( fig. Sb) . When the terminals are shorted no current passes through the patient.
If a meter is wired into the circuit as shown in fig. Sb it will be observed that the current is exactly the same whether it passes through the short-circuiting device or through the patient. Incidentally the latter arrangement is interesting for it offers a path for the depolarization currents at the moment when the electrodes are short-circuited and shows how easily responses at break are obtained in these circumstances.
Thus, by using a saturated diode valve to control current, errors due to variables are eliminated and measurement of current is greatly facilitated.
It was mentioned that temperature lag of the filament was a drawback. This is entirely because of the annoyance it provokes when regulating the current and not on any other account.
( In a valve, control of the flow of electrons from cathode to anode can be effected by the introduction of a third electrode between the existing two. This is usually meshed and is called the grid ( fig. 6 ). In this case the potential on the grid determines the number of electrons which pass from anode to cathode. The effect of a negative potential on the grid will be to repel oncoming electrons, thus decreasing the number crossing the space. On account of the closer proximity of the grid to the cathode, it easily neutralizes the influence of the more remote anode, and therefore small changes in the grid potential can bring about important alterations in the current flowing through the valve.
With the simple triode, however, the current is to a great extent influenced by the voltage across the valve and therefore variations in the load impedance affect the current. To overcome what woould constitute a grave disadvantage, yet a fourth electrode is inserted between the grid and the anode. This additional grid is kept at a constant positive potential. The electrons which penetrate the control grid are thus accelerated by a positive potential which is not affected by changes in the load. Fig. 7 represents a circuit containing a tetrode valve. The accompanying curves show how the characteristics of such a circuit approach those of a saturated diode inasmuch as the current value is not greatlv influenced by changes in anode voltage. Great advantages accrue from the fact that with this method of control the current reaches its correct value for a given grid potential instantaneously, instead of with a lag as is the case with the diode. That variations of the grid potential with a tetrode valve working under suitable conditions will faithfully reproduce identical variations in the current, independently of the nature of the load, is a further advantage. For this implies complete control of the current even when the load is as variable and inconstant as in the case of tissues.~~~R By means of resistances, condensers, inductances and with the aid of valves, it is possible to produce almost any shape of E.M.F. wave form-the simplest being the rectangular wave. Such a wave-form is obtained when a current is made and broken in a circuit without capacity or inductance. In fig. 8a , if these provisos are adhered to, the potential difference across A] Bl will reach a value of ten volts instantaneously, and drop back to zero when the key Kl is depressed and released. If, as in fig. 8b , the points A2 B2 are shunted by means of a condenser C2 at make, the potential difference across points A2 B2 is reached after a delay the duration of which depends on the capacity of the condenser. At break, the condenser discharges through the resistance and the potential across it decreases according to the exponential curve which characterizes condenser discharges through non-inductive resistances.
A more symmetrical curve can be obtained by using two condensers, C3 and C4, as is shown in fig. 8c . The steepness of the gradient at make and break is a function of the capacity of the condensers and the values of the resistances employed. Supposing we wished to pass a current affecting such a wave-form through the body, it is clear that the direct supply from A3 B3 would alter the shape of the wave. This source of distortion may be avoided by applying the appropriate E.M.F. to the grid of a tetrode valve and by including the patient in the anode circuit. By using a potentiometer P instead of a simple resistance R the magnitude of the current can be regulated. In fig. 9 , which is the wiring diagram of a workable circuit, a bias battery is included in the grid circuit so that a negative potential of sufficient value to cut off the current through the valve is applied to the grid when the key K is open. This is an elementary form of the apparatus for the stimulation of paralysed muscles to the exclusion of normal muscles by means of progressive currents.
With the switches in the position shown in the diagram ( fig. 9 ) there is no potential difference across the potentiometer P but thanks to the bias battery the grid of the valve is 30 volts negative relatively to the cathode. This would completely cut off the current through the valve. When the key K is closed a current flows through the series of resistances R.R.P. and as these are of the same value the voltage drop across each one will be 30 volts. pro-ressive currents incorporating by-pass valve and switch gear.
When this occurs, the potentiometer slider becomes positive to an extent depending on its position. This potential difference decreases the negative bias on the grid. The anode current resulting from this is measured by the meter. When the two condensers are put into the circuit the current -can be seen to reach the same value, but after a delay. When the switch Kl which short-circuits the patient is opened, the same current with the same wave-form can be observed to flow. This means that the current can be measured or pre-set without its flowing through the -patient; an advantage which is not as manifest in this apparatus as in the one to be described later.
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As a rule it is not possible to obtain a direct current supply, nor i § it expedient to employ bias batteries. Rectified alternating current is resorted to. But the output voltage of rectifiers is affected by variations in the output. To solve these problems, the circuit has to be modified in such a way as to keep the current drained from the rectifier constant.
By using two identical valves with a common resistance R, in the cathode lead, and connected up as shown in fig. 10 , not only is the current taken from the rectifier of constant value, but the drop of potential across the common cathode resistance R, provides the requisite negative bias on the grid of the valve in the patient's circuit, thus eliminating the necessity of a grid bias battery. So far, only the control of wave-form and intensity of current have been considered. The control of the duration of flow, particularly when this is of short duration, is of great importance where measurements of muscle and nerve excitability are concerned. For purposes where impulses of short duration are required, condenser discharges have been almost universally used. More rarely rheotomes have been employed. As pointed out earlier, the former do not deliver currents with the anticipated exponential wave-form whren the load is polarizable, nor do the latter produce rectangular current waves under similar conditions. Rectangular waves can be obtained by using two triode valves. have separate anode resistances, Ri and R2, but there is a common cathode resistance R3.
Under conditions of rest the valve Vl is passing current because its grid is connected by way of resistance R4 to the cathode and has therefore the same potential. This means that through R1 there flows a current which is the sum of the current flowing through valve Vl and that flowing through resistances R5 and R6 along which a potential difference is developed. The values of R6 and R3 are such that in such circumstances the current passing through these two parallel paths causes the grid of valve V2 to be sufficiently negative to cut off the current through valve V2.
As no current passes through resistance R2 there is no drop of potential across this and its lower end is virtually at the same potential as the positive supply.
To trigger off a rectangular wave the grid of valve VI is made strongly negative for a very small fraction of a second. This results in an instantaneous cut-off of the electron stream across the valve Vi, leaving no parallel path for the current through R5 and R6, Consequently the current through these resistances increases, thus augmenting the potential difference across them. The increased potential across R6 makes the grid of valve V2 less negative and this results in a flow of current through this valve, and a drop of potential across its anode resistance R2, the valve end becoming negative. This sudden negative state is transmitted by displacement through condenser Cl to the grid of valve Vi, thus taking control of the grid potential of this valve and keeping it negative.
The time during which valve VI remains in the cut-off condition will depend on the value of resistance R4 through which the negative charge on the condenser and grid will leak away. The instantaneous return to the original state is due to " avalanche effect As soon as the grid of valve Vl is no longer sufficiently negative completely to cut off the electron stream, a minimal current flows through the valve-this opens the alternative path for the current through R5 and RG, decreasing the current through these resistances and causing the grid of V2 to become more negative on account of the lessened potential difference across R6. This in its turn causes a decrease in the electronic flow through V2 and the lower end of resistance R2 becomes less negative, which state is immediately transmitted to the grid of VI, further increasing the current through Vl. This goes on until all the current flows through Vi and none through V2.
Although this process has taken some time to describe, the return to resting condition is so rapid as to be virtually instantaneous. A rectangular current wave-form is the result.
The negative impulse of short duration necessary to trigger off the wave is conveniently obtained by using an auxiliary circuit ( fig. 12 ), in which a condenser C2 is slowly charged through a resistance R7 until the potential across its plates reaches the break-down voltage of an argon gas-filled relay V3 and then discharges. Such a valve differs from the ordinary triode in that it passes no current until a critical voltage, depending on the grid potential, is impressed across its anode and cathode when it suddenly allows current to flow until the condenser is almost discharged.
During the discharging of the condenser there is a difference of potential across the resistance R8. It is the resultant negative state which is transmitted to the grid of the valve in the next stage. To make this an impulse of very short duration a condenser C3 of very low capacity is interposed.
In the wiring diagram of the complete apparatus for producing currents of rectangular waves ( fig. 13 ) and which I use for the assessment of muscle and nerve excitability, the different circuits described can be recognized in spite of some additional components.
In the gas-filled relay (V3) circuit a selector switch, SI, enables one of four sets of condensers and resistances of different values to be charged and discharged. Each combination has its own time-constant. With a combination consisting of a large capacity condenser and large resistance, single impulses with a period of rest are obtained, whereas with small capacities coupled with small resistances, rapidly repeated impulses are produced, resulting in a tetanizing effect.
This circuit further contains an electronic tuning indicator, V4-better known in wireless apparatus as a " magic eye ". Here it indicates the time and frequency of the impulses.
In the wave-form-producing circuit the two triode valves are replaced by a double triode, VI V2. This is a valve in which the electrodes of a triode are duplicated Vl and V2. The duration of the impulses is regulated by varying the resistance R4 in the grid circuit of the controlling valve VI. It is expedient to utilize a resistance in twelve steps, one for very long impulses for the measurement of the rheobase and eleven for impulses of varying shorter durations for the estimation of chronaxy. A thirteenth position of the selector switch makes the grid strongly negative and therefore gives rise to a constant instead of an intermittent current in the output circuit.
In the output circuit two tetrode valves with a common cathode resistance are used. One, V5, is included in the patient's circuit, the other, V6, functions merely as current by-pass. As pointed out before, with valves wired up in this way the total current is constant. When the grid biasing of the by-pass valve V6 is correctly adjusted, this valve passes all the current and none passes through the valve V5 in the patient's circuit until a positive impulse reaches the grid of this valve. This valve, V5, will then pass a current which will depend on the setting of the intensity controlling potentiometer P, and the ballast valve, V6, will pass that amount less. The action of the double-pole two-way switch S2 S3 is easy to follow. When in the position shown in the diagram, the anode current of the valve, V5, passes through the milliammeter. This current is determined by the position of the potentiometer P.
When the switch is thrown over to its other position, the current through the potentiometer P decreases because it is now shunted by valve VI which by-passes some current.
Only when valve Vl ceases to pass current as the result of a negative impulse on its grid from the previous stage does the current through the potentiometer P momentarily resume its high value. While the current through the potentiometer P is of low valuc, the potential difference across it is not sufficient to raise the grid potential of valve V} above cut-off potential, therefore whatever the position of the slider, no current will paFs through the patient. But the instant valve VI has its flow of electrons cut off, the current through the potentiometer P increases for the duration of the cut-off, and the grid of valve V5 will rise above cut-off potential and allow a current to pass through valve V5 and through the patient, of the same value as the current which was read on the meter when the switch was in the original position. Such a machine is simple to use since no special electrodes need to be employed. It is, however, essential to have the same area of electrode in contact with the skin, and in the same position for the measurement of the rheobase and the chronaxy. The reason for th.s is that no matter how small or how large the area of electrode in contact with the patient is, the same amount of current will be passed through that area. Clearly this will affect the density very much when changes in area of contact occur. To ensure constancy of this contact area I employ a simple curved electrode ( fig. 14) , the head of which consists of rubber tubing plugged with cotton-wool soaked in saline. This moulds itself well to irregular surfaces, such as intermetacarpal spaces in a subject with wasted handk.
It is essential when constructing such a machine for the measurement of tissue excitability, to earth the positive side of the electrical supply. In a subsequent discussion Dr. Cooksey said that he hoped that an effort would be made to stan-lardize the apparatus by expressing the various durations in milliseconds.
By means of a cathode ray oscillograph Dr. Bauwens demonstrated how the intensity and the duration of flow of the current could be regulated quite independently. He also showed with the aid of a phantom load that the current and the rectangular wave-form remained unaffected by wide variations in the resistance of the load.
